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ABSTRACT 

The  ARO-supported  research  focused  on  uncovering  novel  materials  and  phenomena  associated  with  topological  phases.  A  new  area  is  the 
Dirac  semimetals,  Cd3As2  and  Na3Bi,  in  which  the  electrons  occupy  3D  bulk  Dirac  states  much  like  graphene,  with  protected  nodes.  In  a 
magnetic  field,  the  nodes  separate  into  Weyl  nodes.  The  most  important  achievement  is  the  observation  in  Na3Bi  of  the  chiral  anomaly 
which  appears  as  a  field-induced  enhanced  conductivity  when  the  magnetic  field  is  strictly  aligned  with  the  electric  field  (observed  as  a 
negative,  longitudinal  magnetoresistance  LMR).  The  observation,  which  confirms  a  prediction  from  1983,  provides  a  powerful  probe  of  the 
chiral  current  and  transport  properties  of  Weyl  states  in  general.  A  second  material  (a  half-Heusler)  has  also  been  found  to  display  the  chiral 
anomaly.  Application  of  a  magnetic  field  leads  to  the  appearance  of  2  or  4  Weyl  nodes.  Again,  a  large  negative  LMR  is  observed.  In 
addition,  a  large  suppression  of  the  thermoelectric  coefficient  is  observed  when  the  chiral  anomaly  is  present.  These  findings  broaden 
significantly  the  range  of  compounds  that  may  exhibit  Weyl  physics  and  the  chiral  anomaly.  In  a  different  direction,  Murakami  has  proposed 
that  Weyl  nodes  always  appear  when  the  bulk  energy  gap  in  a  semiconductor  lacking  inversion  symmetry  is  forced  to  close.  High  pressure 
has  been  used  to  close  the  gap  in  PbSnTe.  Careful  tuning  of  the  pressure  allows  the  quantum  oscillations  in  the  MR  to  be  closely  monitored 
as  the  Fermi  sphere  expands  out  of  the  charge  vacuum.  An  anomalous  Hall  effect  was  observed  when  the  lowest  Landau  level  is  occupied. 
This  system  is  an  especially  attractive  platform  for  exploring  Weyl  physics  in  the  gap-closing  scenario.  Finally,  the  Berry  curvature  which 
underpins  transport  features  in  Weyl  systems,  has  been  shown  to  produce  a  Hall  effect  in  neutral  spin  excitations.  In  two  insulating  magnets, 
a  Kagome  magnet  and  a  spin  liquid  pyrochlore,  a  sizeable  thermal  Hall  effect  was  observed.  In  the  Kagome  magnet,  the  sign  changes  are 
consistent  with  a  theory  based  on  the  Berry  curvature. 
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N.  Phuan  Ong,  Dept,  of  Physics,  Princeton  University  October  20,  2015 

In  the  past  3  years,  Ong  and  his  students  have  achieved  the  following  milestones  in  topological  phases  of  matter  under  ARO 
support.  Most  of  the  experiments  are  in  collaboration  with  the  group  of  Bob  Cava. 

1)  Ultrahigh  mobility  in  Cd3As2 

Dirac  semimetals  are  the  3D  analogs  of  2D  graphene.  The  bulk  states  exhibit  a  Dirac  dispersion  with  nodes  that  are  protected 
by  crystalline  symmetry  (against  gap  formation  via  hybridization  with  nearby  states).  The  possibility  of  exploring  Weyl  physics 
and  the  detection  of  chiral  currents  in  strong  magnetic  field  B  has  sparked  intense  interest  in  Dirac  semimetals.  Ong  has  studied 
in  detail  transport  behavior  in  the  two  known  Dirac  semimetals,  Cd3As2  and  Na3Bi. 

In  the  report  last  year,  the  initial  research  on  both  the  topological  Dirac  semimetals  Cd3As2  and  Na3Bi  was  described.  In 
the  case  of  Cd3As2,  the  main  findings  was  that  some  of  the  crystals  (called  Type  A)  which  grow  as  needles  display  a  very  steep 
decrease  (by  up  to  a  factor  of  1 ,000)  in  the  scattering  rate  of  the  carriers  by  phonons  as  the  temperature  T  decreases  below  50 
K  to  2  K.  This  results  in  an  anomalously  low  bulk  residual  resistivity  (in  zero  magnetic  field  B)  and  a  concomitant  giant  mobility 
(as  high  as  10  million  cm2/Vs,  close  to  that  in  ultrapure  2D  GaAs  heterostructures  grown  by  molecular  beam  epitaxy).  In 
Cd3As2,  the  application  of  a  modest  magnetic  field  suppresses  the  high  mobility  leading  to  a  very  large  B-linear 
magnetoresistance  (MR).  The  results  were  published  in  Nature  Materials  [pub.  8] 

2)  The  chiral  anomaly  in  Na3Bi 

One  of  the  holy  grails  in  the  field  of  topological  Dirac  and  Weyl  semimetals  is  the  chiral  anomaly.  [For  background,  we  explain 
what  the  chiral  anomaly  is  and  its  importance  in  quantum  field  theory.  Shortly  after  the  Dirac  equation  was  proposed,  Weyl 
showed  that  if  the  mass  m  is  set  to  zero,  the  4-spinor  Dirac  wave  function  separates  into  two  Weyl  2-spinors  which  describe 
massless  fermions  with  opposite  handedness  called  chirality  i,  =  c1.  The  two  chiral  populations  are  independent  and  never 
transform  into  each  other  (chiral  symmetry  is  rigorously  respected).  These  Weyl  states  were  obvious  candidates  for  describing 
left-  and  right-handed  neutrinos  (only  the  former  are  seen  in  our  universe).  In  1968,  Adler,  Bell  and  Jackiw  showed  that  turning 
on  the  interaction  with  electromagnetic  fields  (photons)  immediately  ruins  the  chiral  symmetry.  The  coupling,  which  engenders 
an  “axial  current”  that  mixes  the  two  populations,  is  called  the  chiral  or  ABJ  anomaly.  The  ABJ  anomaly  successfully  explained 
the  biggest  mystery  in  pion  physics  at  that  time  (why  neutral  pions  decay  300  million  times  faster  than  charged  pions).  In  the 
ensuing  4  decades,  the  chiral  anomaly  has  come  to  assume  a  central,  if  still  deeply  enigmatic,  role  in  the  quest  to  unify  the  four 
fundamental  forces.  For  e.g.,  it  acts  as  an  unforgiving  litmus  test  (all  gauge  theories  must  be  anomaly-free  to  satisfy 
renormalizability).  The  chiral  anomaly  is  also  related  to  the  Atiyah-Singer  index  theorem.] 

In  1983,  Nielsen  and  Ninomiya  proposed  that  the  chiral  anomaly  can  appear  in  a  crystal  that  exhibits  bulk  Dirac  states  that 
are  strictly  massless.  In  applied  parallel  electric  and  magnetic  fields  (E||B),  the  axial  current  flowing  between  right  and  left- 
moving  chiral  states  should  be  observable  as  a  negative  longitudinal  magnetoresistance  (LMR). 

With  the  discovery  of  Cd3As2  and  Na3Bi  (which  have  protected  Dirac  states),  many  experimental  groups  worldwide 
undertook  the  task  with  urgency.  In  the  Ong-Cava  collaboration,  the  initial  interest  was  on  Cd3As2.  However,  the  Fermi  energy 
EF  was  too  high  above  the  node  (because  of  unintended  doping  by  vacancies).  Turning  to  Na3Bi,  Ong  and  Cava  found  that  the 
initial  crystals  also  had  a  high  EF.  After  2  years  of  research,  Cava’s  group  succeeded  in  lowering  EF  by  a  factor  of  10  (400  meV 
to  30  meV).  This  involved  segregating  the  false  phase  NaBi  from  the  growth  and  determining  the  optimal  temperature  to  hold 
the  melt.  In  these  crystals,  Ong’s  group  immediately  observed  the  chiral  anomaly  as  a  large  enhancement  of  the  longitudinal 
conductivity  when  E  was  applied  parallel  to  B.  To  further  test  the  finding,  Ong’s  group  showed  that  the  conductivity 
enhancement  was  confined  to  a  narrow  “axial”  plume  parallel  to  B.  If  B  is  rotated  in  the  xy  plane,  the  plume  follows  B.  This 
anomalous  steering  property  is  incompatible  with  conventional  transport  theory,  especially  when  B  is  modest.  By  comparing  the 
B2  increase  in  the  conductivity  with  theory,  Ong  inferred  that  the  axial  current  is  backscattered  at  a  rate  40-60  times  slower  than 
the  conventional  Drude  current.  It  appears  that  the  impurities  responsible  for  backscattering  are  “blind”  to  the  axial  current.  This 
is  a  significant  accomplishment.  The  results  were  published  in  Science  2015  [pub.  12] 

(DOI:  10. 1126/science. aac6089). 

2)  Chiral  anomaly  and  thermoelectric  current  in  a  half  Heusler 

With  the  expertise  gained,  Ong  and  Cava  have  identified  another  semimetal  that  exhibits  the  chiral  anomaly.  The  half-Heusler 
family  XBIM,  with  X  a  rare  earth  and  M  a  transition  metal,  grows  with  a  zinc  blende  lattice  structure.  Its  band  structure  is 
topologically  trivial  in  zero  B.  Because  the  spin-orbit  interaction  (SOI)  is  large,  the  starting  atomic  orbitals  are  labelled  by  total 
angular  momentum  quantum  numbers  |J,MJ).  As  in  the  lll-V  semiconductors  (e.g.  GaAs),  the  heavy  hole  and  light-hole  states 
|3/2,  +/-3/2)  and  |3/2,  +/-V2)  are  degenerate  at  the  Gamma  point  \Gamma  =  (0,0,0).  The  material  does  not  have  bulk  Dirac  states 
with  protected  nodes.  However,  when  B  is  applied,  the  Zeeman  energy  causes  two  of  these  states  to  cross,  leading  to  protected 
Weyl  nodes.  Ong  and  Cava  have  investigated  the  transport  properties  of  GdBiPt  and  observed  strong  similarities  between  its 
MR  and  that  of  Na3Bi.  In  longitudinal  field,  the  LMR  shows  a  strong  decrease  associated  with  the  chiral  anomaly.  More 
significantly,  because  this  material  is  not  air-sensitive  (unlike  Na3Bi),  Ong’s  student  Max  Hirschberger  has  succeeded  in 
observing  how  the  chiral  anomaly  affects  the  transport  of  energy  (measured  by  the  thermoelectric  conductivity).  A  notable 
observation  is  that  the  thermoelectric  coefficient  a,  which  relates  the  charge  current  J  to  an  applied  temperature  gradient  -<j,T 
via  the  relation  J  =  a(-<j,T),  is  strongly  suppressed  when  the  chiral  anomaly  is  present.  The  appearance  of  this  dramatic 


suppression  is  a  challenge  to  theory.  Recently,  2  theoretical  papers  (Fiete  et  al.,  Spivak  et  al.)  addressing  thermopower  in  Weyl 
metals  have  appeared. 

The  present  findings  hold  the  promise  that  the  chiral  anomaly  may  be  observed  in  a  large  family  of  semimetals  with  strong  SOI 
(e.g.  compounds  with  zinc  blende  lattice  such  as  HgCdTe).  A  further  advantage  is  that  the  number  of  Weyl  nodes  is  very  small 
(2  or  4  depending  on  the  direction  of  B,  compared  with  24  in  Weyl  metals  e.g.  TaAs).  This  allows  a  far  simpler  comparison  of 
transport  experiments  with  theory.  The  report  was  published  online  in  Nature  Materials  (pub.  14). 

3)  Gap-closing  route  to  Weyl  nodes  achieved  by  tuning  pressure 

In  last  year’s  report,  pressure  experiments  on  PbSnTe  were  described.  Ong’s  group  used  hydrostatic  pressure  P  (up  to  27 
kbars)  to  “tune”  the  bulk  gap  in  PbSnTe  doped  with  In.  In  samples  in  which  the  Sn  content  x(Sn)  =  0.25,  they  uncovered  highly 
unusual  electronic  properties.  In  the  metallic  phase  (10  to  25  kbars),  they  observe  a  dramatic  lowering  of  the  resistivity  in  zero 
field  suggestive  of  a  highly  conducting  state  at  low  temperatures.  The  Hall  conductivity  displays  a  step  change  across  B  =  0. 
However,  when  B  is  finite,  the  high-conductance  state  is  destroyed  and  the  resistivity  increases  rapidly.  The  gap  inversion 
occurs  within  the  pressure  window  10  <  P  <  25  kbars.  Interestingly,  outside  this  window  (P  >  25  kbars),  the  system  shows  the 
opposite  behavior.  In  zero  field,  it  is  a  gapped  insulator,  but  when  the  field  exceeds  3-5  T,  the  sample  reverts  back  to  the  high- 
conductance  state,  displaying  a  giant,  negative  MR. 

During  the  past  12  months,  the  pressure  experiments  have  been  extended  to  the  composition  x(Sn)  =  0.5.  A  major 
motivation  for  these  experiments  is  a  recent  theory  by  Murakami  et  al.  who  predict  that  all  semiconductors  that  break  inversion 
symmetry  should  display  protected  Weyl  nodes  when  their  energy  gaps  are  closed  by  tuning  some  parameter  (P,  doping  or 
alloying).  At  ambient  pressure,  the  composition  x(Sn)  =  0.5  is  a  good  insulator  with  a  small  energy  gap  in  the  bulk.  At  a  critical 
pressure  Pc  ~1 0  kbar,  a  metal  insulator  transition  signals  the  closing  of  the  gap  and  the  appearance  of  a  small  Fermi  sphere 
(FS).  Because  this  material  lacks  inversion  symmetry,  the  Berry  curvature  \Omega  is  finite.  Hence  when  the  FS  appears, 
\Omega  exerts  a  strong  influence  on  the  transport  properties.  By  taking  incremental  steps  slowly  through  the  critical  value  Pc, 
Ong’s  group  tracked  the  nucleation  of  the  small  FS  out  of  the  charge  vacuum  (as  it  were).  The  quantum  oscillations  in  the  MR, 
which  reflect  successive  emptying  of  Landau  levels  as  B  increases,  allows  the  diameter  of  the  FS  to  be  measured  accurately.  A 
major  surprise  is  that  the  Hall  resistivity  <j,yx  saturates  to  a  plateau  when  the  quantum  limit  is  attained  (last  Landau  level 
occupied).  The  relation  of  this  surprising  result  to  Weyl  states  created  by  pressure  is  being  explored.  In  light  of  this  theoretical 
insight,  the  present  system  provides  an  especially  attractive  system  for  producing  Weyl  states.  However,  the  abrupt  saturation 
of  <j,yx  related  to  \Omega,  is  not  predicted  by  Murakami’s  theory.  The  manuscript  reporting  the  pressure  results  is  under 
preparation. 

4)  Giant  MR  and  proximity  effect  in  WTe2 

Last  year’s  report  described  the  discovery  of  a  very  large,  non-saturating  magnetoresistance  MR  in  the  semimetal  WTe2.  At  4 
K,  the  resistivity  in  an  applied  transverse  magnetic  field  B  increases  rapidly  as  B2  to  attain  values  200,000  times  the  zero-B 
value  at  65  Tesla,  without  signs  of  deviation  from  the  B2  law.  The  report,  which  has  appeared  in  Nature  (Ali  et  al..  Pub.  8),  has 
triggered  strong  interest  in  this  semimetal  with  ongoing  debate  about  whether  it  is  a  topological  material  with  unusually  large 
MR. 

Recently,  Ong’s  group  succeeded  in  inducing  superconductivity  in  WTe2  by  the  proximity  effect  with  Nb  as  the  superconductor. 
Ong’s  group  found  that  a  supercurrent  can  be  induced  below  1  K,  even  when  the  superconducting  electrodes  are  separated  by 
-700  nm  (in  conventional  metals  the  proximity  length  is  typically  100  nm  or  less).  Below  300  mK,  the  supercurrent  rises  steeply 
to  attain  a  maximum  value  of  -300  nA  at  10  mK.  In  a  weak  B,  the  critical  current  displays  the  periodic  modulation  described  by 
the  Fraunhofer  pattern.  The  preliminary  results  suggest  that  the  very  long  mean  free  path  of  the  carriers  enables  the 
supercurrent  to  penetrate  deep  into  the  semimetal.  The  results  are  very  promising  for  employing  superconducting  pairing  as  a 
probe  of  possible  Weyl  states  in  WTe2  as  well  as  in  related  semimetals.  The  proximity  experiments  are  ongoing. 

5)  Thermal  Hall  effect  of  neutral  currents 

A  key  quantity  that  relates  topological  states  to  transport  phenomena  is  the  Berry  curvature  \Omega,  which  may  be  regarded  as 
a  “magnetic  field”  that  lives  in  k  space.  For  example,  when  Dirac  nodes  separate  into  2  Weyl  nodes  with  opposite  chirality,  the 
Weyl  nodes  become  sources  and  sinks  of  the  Berry  curvature  (also  called  Chern  flux).  To  date,  experiments  have  focused 
exclusively  on  the  effect  of  \Omega  on  electrical  transport.  In  two  experiments,  Ong’s  group  recently  showed  that  \Omega 
leads  to  prominent  effects  on  neutral  currents  as  well.  In  insulating  magnets,  the  heat  current  below  2  K  is  largely  carried  by 
spin  waves  or  magnons  (phonons  die  out  rapidly  below  2  K).  In  a  certain  class  of  magnets  with  a  Kagome  lattice,  theory 
predicts  that  \Omega  produces  a  thermal  Hall  conductivity  Kxy  in  applied  B.  This  is  counter  to  semiclassical  theory  because  the 
Lorentz  force  is  undefined  for  neutral  particles.  Ong’s  group  has  confirmed  this  surprising  prediction  in  the  layered  Kagome 
magnet  Cu(1,3-bdc)  [pub  7].  The  magnitude  of  Kxy  observed  is  quite  sizeable.  As  a  function  of  both  B  and  T,  Kxy  is  observed  to 
change  signs  in  accord  with  a  calculation  based  on  \Omega.  The  close  correlation  between  Kxy  and  the  longitudinal  thermal 
conductivity  Kxx  rules  out  a  competing  theory  based  on  the  phonon  Hall  effect.  In  a  second  experiment,  Ong’s  group  showed 
that  Kxy  is  large  in  the  pyrochlore  Tb2Ti207  [pub.  6],  which  does  not  order  magnetically  down  to  50  mK  despite  a  large 
exchange  coupling  between  local  moments  on  Tb  (the  ground  state  is  a  quantum  spin  ice  or  a  spin  liquid).  The  observed  Kxy 
again  arises  from  \Omega  acting  on  the  neutral  spin  excitations.  As  Tb2Ti207  does  not  order,  the  spin  excitations  are  not 
magnons  (theorists  call  them  “spinons”).  The  2  experiments  confirm  that  \Omega  can  exert  a  large  Hall-like  force  on  excitations 
even  when  they  are  charge  neutral.  The  results  were  published  in  Science  and  in  PRL  (Pubs.  10  and  11). 


6)  Optimizing  the  bulk  resistivity  of  Bi2Te2Se 

One  of  the  earliest  examples  of  3D  topological  insulators  (TIs)  studied  by  ARPES  was  Bi2Se3,  which  is  the  leading  example  of 
the  so-called  Z2  time-reversal  invariant  (TRI)  topological  insulators.  Unfortunately,  the  Fermi  energy  EF  in  as-grown  crystals  lies 
in  the  bulk  conduction  band  because  exchange  defects  and  Se  vacancies  are  impossible  to  suppress.  While  several  groups 
have  succeeded  in  lowering  EF  into  the  bulk  gap  by  chemical  doping  or  gating,  this  results  in  greatly  reduced  surface  mobility  in 
the  topological  states.  A  much  more  promising  candidate  Z2  Tl  is  Bi2Te2Se  (BTS)  which  grows  with  much  fewer  vacancies  and 
defects  so  that  EF  lies  inside  the  bulk  gap.  Residual  lattice  disorder  leads  to  a  high  density  of  states  in  the  impurity  band  within 
the  gap.  In  the  past  3  years,  they  expended  considerable  effort  to  optimize  the  crystal  quality,  and  succeeded  in  increasing  the 
bulk  resistivity  by  a  factor  of  200  to  20  Qcm  at  4  K.  Carriers  in  the  surface  states  display  the  largest  Shubnikov  de  Haas  (SdH) 
oscillation  amplitudes  (among  all  3D  TIs).  The  surface  mobilities  vary  from  3,000  to  4,000  cm2A/s.  In  crystals  cleaved  to 
thickness  of  20  pm,  the  surface  conductance  can  comprise  up  to  50%  of  the  total  conductance.  Monitoring  the  SdH  oscillations 
in  an  intense  magnetic  field  (45  Tesla),  Ong’s  group  succeeded  in  lowering  EF  to  the  n  =  1  Landau  level  (LL).  This  allowed  us  to 
establish  with  much  higher  certainty  than  before  that  the  quantum  oscillations  have  a  phase  shift  of  tt  (in  the  limit  1/H  0  0), 
characteristic  of  Dirac  states.  In  addition,  they  used  ionic  liquid  gating  to  tune  EF  at  the  surface.  They  showed  that  EF  can  be 
tuned  to  below  the  n=1  LL  at  14  T.  The  liquid  gating  allows  the  two  conductances  to  be  separately  analyzed  and  the  surface 
and  bulk  mobilities  to  be  determined.  The  latter  was  found  to  be  20  cm2/Vs  (roughly  100  times  smaller  than  the  former).  Details 
of  the  crystal  growth  were  also  reported. 

The  results  were  published  in  pub.  1 , 2  and  4 
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Abstract 

The  ARO-supported  research  focused  on  uncovering  novel  materials  and  phenomena  associated  with 
topological  phases.  A  new  area  is  the  Dirac  semimetals,  Cd3As2  and  Na3Bi,  in  which  the  electrons  occupy 
3D  hulk  Dirac  states  much  like  graphene,  with  protected  nodes.  In  a  magnetic  field,  the  nodes  separate 
into  Weyl  nodes.  The  most  important  achievement  is  the  observation  in  Na3Bi  of  the  chiral  anomaly 
which  appears  as  a  field-induced  enhanced  conductivity  when  the  magnetic  field  is  strictly  aligned  with 
the  electric  field  (observed  as  a  negative,  longitudinal  magnetoresistance  LMR).  The  observation,  which 
confirms  a  prediction  from  1983,  provides  a  powerful  probe  of  the  chiral  current  and  transport  properties 
of  Weyl  states  in  general.  A  second  material  (a  half-Heusler)  has  also  been  found  to  display  the  chiral 
anomaly.  Application  of  a  magnetic  field  leads  to  the  appearance  of  2  or  4  Weyl  nodes.  Again,  a  large 
negative  LMR  is  observed.  In  addition,  a  large  suppression  of  the  thermoelectric  coefficient  is  observed 
when  the  chiral  anomaly  is  present.  These  findings  broaden  significantly  the  range  of  compounds  that 
may  exhibit  Weyl  physics  and  the  chiral  anomaly.  In  a  different  direction,  Murakami  has  proposed  that 
Weyl  nodes  always  appear  when  the  bulk  energy  gap  in  a  semiconductor  lacking  inversion  symmetry  is 
forced  to  close.  High  pressure  has  been  used  to  close  the  gap  in  PbSnTe.  Careful  tuning  of  the  pressure 
allows  the  quantum  oscillations  in  the  MR  to  be  closely  monitored  as  the  Fermi  sphere  expands  out  of  the 
charge  vacuum.  An  anomalous  Hall  effect  was  observed  when  the  lowest  Landau  level  is  occupied.  This 
system  is  an  especially  attractive  platform  for  exploring  Weyl  physics  in  the  gap-closing  scenario.  Finally, 
the  Berry  curvature  which  underpins  transport  features  in  Weyl  systems,  has  been  shown  to  produce  a 
Hall  effect  in  neutral  spin  excitations.  In  two  insulating  magnets,  a  Kagome  magnet  and  a  spin  liquid 
pyrochlore,  a  sizeable  thermal  Hall  effect  was  observed.  In  the  Kagome  magnet,  the  sign  changes  are 
consistent  with  a  theory  based  on  the  Berry  curvature. 
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In  the  past  3  years,  Ong  and  his  students  have  achieved  the  following  milestones  in  topological  phases  of 
matter  under  ARO  support.  Most  of  the  experiments  are  in  collaboration  with  the  group  of  Boh  Cava. 

1)  Ultrahigh  mobility  in  Cd3As2 

Dirac  semimetals  are  the  3D  analogs  of  2D  graphene.  The  hulk  states  exhibit  a  Dirac  dispersion  with 
nodes  that  are  protected  by  crystalline  symmetry  (against  gap  formation  via  hybridization  with  nearby 
states).  The  possibility  of  exploring  Weyl  physics  and  the  detection  of  chiral  currents  in  strong  magnetic 
field  B  has  sparked  intense  interest  in  Dirac  semimetals.  Ong  has  studied  in  detail  transport  behavior  in 
the  two  known  Dirac  semimetals,  Cd3As2  and  Na3Bi. 

In  the  report  last  year,  the  initial  research  on  both  the  topological  Dirac  semimetals  Cd3As2  and 
Na3Bi  was  described.  In  the  case  of  Cd3As2,  the  main  findings  was  that  some  of  the  crystals  (called  Type 
A)  which  grow  as  needles  display  a  very  steep  decrease  (by  up  to  a  factor  of  1 ,000)  in  the  scattering  rate 
of  the  carriers  by  phonons  as  the  temperature  T  decreases  below  50  K  to  2  K.  This  results  in  an 
anomalously  low  bulk  residual  resistivity  (in  zero  magnetic  field  B)  and  a  concomitant  giant  mobility  (as 
high  as  10  million  cmWs,  close  to  that  in  ultrapure  2D  GaAs  heterostructures  grown  by  molecular  beam 
epitaxy).  In  Cd3As2,  the  application  of  a  modest  magnetic  field  suppresses  the  high  mobility  leading  to  a 
very  large  B-linear  magnetoresistance  (MR).  The  results  were  published  in  Nature  Materials  [pub.  8] 

2)  The  chiral  anomaly  in  NasBi 

One  of  the  holy  grails  in  the  field  of  topological  Dirac  and  Weyl  semimetals  is  the  chiral  anomaly.  [For 
background,  we  explain  what  the  chiral  anomaly  is  and  its  importance  in  quantum  field  theory.  Shortly 
after  the  Dirac  equation  was  proposed,  Weyl  showed  that  if  the  mass  m  is  set  to  zero,  the  4-spinor  Dirac 
wave  function  separates  into  two  Weyl  2-spinors  which  describe  massless  fermions  with  opposite 
handedness  called  chirality  x  =  ±1.  The  two  chiral  populations  are  independent  and  never  transform  into 
each  other  (chiral  symmetry  is  rigorously  respected).  These  Weyl  states  were  obvious  candidates  for 
describing  left-  and  right-handed  neutrinos  (only  the  former  are  seen  in  our  universe).  In  1968,  Adler,  Bell 
and  Jackiw  showed  that  turning  on  the  interaction  with  electromagnetic  fields  (photons)  immediately 
ruins  the  chiral  symmetry.  The  coupling,  which  engenders  an  “axial  current”  that  mixes  the  two 
populations,  is  called  the  chiral  or  ABJ  anomaly.  The  ABJ  anomaly  successfully  explained  the  biggest 
mystery  in  pion  physics  at  that  time  (why  neutral  pions  decay  300  million  times  faster  than  charged 
pions).  In  the  ensuing  4  decades,  the  chiral  anomaly  has  come  to  assume  a  central,  if  still  deeply 
enigmatic,  role  in  the  quest  to  unify  the  four  fundamental  forces.  For  e.g.,  it  acts  as  an  unforgiving  litmus 
test  (all  gauge  theories  must  be  anomaly-free  to  satisfy  renormalizability).  The  chiral  anomaly  is  also 
related  to  the  Atiyah-Singer  index  theorem.] 

In  1983,  Nielsen  and  Ninomiya  proposed  that  the  chiral  anomaly  can  appear  in  a  crystal  that 
exhibits  bulk  Dirac  states  that  are  strictly  massless.  In  applied  parallel  electric  and  magnetic  fields  (EIIB), 
the  axial  current  flowing  between  right  and  left-moving  chiral  states  should  be  observable  as  a  negative 
longitudinal  magnetoresistance  (LMR). 

With  the  discovery  of  Cd3As2  and  Na3Bi  (which  have  protected  Dirac  states),  many  experimental 
groups  worldwide  undertook  the  task  with  urgency.  In  the  Ong-Cava  collaboration,  the  initial  interest  was 
on  Cd3As2.  However,  the  Fermi  energy  was  too  high  above  the  node  (because  of  unintended  doping  by 
vacancies).  Turning  to  Na3Bi,  Ong  and  Cava  found  that  the  initial  crystals  also  had  a  high  E^.  After  2 
years  of  research,  Cava’s  group  succeeded  in  lowering  E^  by  a  factor  of  10  (400  meV  to  30  meV).  This 
involved  segregating  the  false  phase  NaBi  from  the  growth  and  determining  the  optimal  temperature  to 
hold  the  melt.  In  these  crystals,  Ong’s  group  immediately  observed  the  chiral  anomaly  as  a  large 
enhancement  of  the  longitudinal  conductivity  when  E  was  applied  parallel  to  B.  To  further  test  the 
finding,  Ong’s  group  showed  that  the  conductivity  enhancement  was  confined  to  a  narrow  “axial”  plume 


parallel  to  B.  If  B  is  rotated  in  the  xy  plane,  the  plume  follows  B.  This  anomalous  steering  property  is 
incompatihle  with  conventional  transport  theory,  especially  when  B  is  modest.  By  comparing  the 
increase  in  the  conductivity  with  theory,  Ong  inferred  that  the  axial  current  is  hackscattered  at  a  rate  40- 
60  times  slower  than  the  conventional  Drude  current.  It  appears  that  the  impurities  responsible  for 
hackscattering  are  “hlind”  to  the  axial  current.  This  is  a  significant  accomplishment.  The  results  were 
published  in  Science  2015  [pub.  12] 

(DOI:  10.1126/science.aac6089). 

2)  Chiral  anomaly  and  thermoelectric  current  in  a  half  Heusler 

With  the  expertise  gained,  Ong  and  Cava  have  identified  another  semimetal  that  exhibits  the  chiral 
anomaly.  The  half-Heusler  family  XBiM,  with  X  a  rare  earth  and  M  a  transition  metal,  grows  with  a  zinc 
blende  lattice  structure.  Its  band  structure  is  topologically  trivial  in  zero  B.  Because  the  spin-orbit 
interaction  (SOI)  is  large,  the  starting  atomic  orbitals  are  labelled  by  total  angular  momentum  quantum 
numbers  As  in  the  III-V  semiconductors  (e.g.  GaAs),  the  heavy  hole  and  light-hole  states  13/2, 

±3/2)  and  13/2,  ±V2)  are  degenerate  at  the  Gamma  point  T  =  (0,0,0).  The  material  does  not  have  bulk  Dirac 
states  with  protected  nodes.  However,  when  B  is  applied,  the  Zeeman  energy  causes  two  of  these  states  to 
cross,  leading  to  protected  Weyl  nodes.  Ong  and  Cava  have  investigated  the  transport  properties  of 
GdBiPt  and  observed  strong  similarities  between  its  MR  and  that  of  NasBi.  In  longitudinal  field,  the  LMR 
shows  a  strong  decrease  associated  with  the  chiral  anomaly.  More  significantly,  because  this  material  is 
not  air-sensitive  (unlike  Na3Bi),  Ong’s  student  Max  Hirschberger  has  succeeded  in  observing  how  the 
chiral  anomaly  affects  the  transport  of  energy  (measured  by  the  thermoelectric  conductivity).  A  notable 
observation  is  that  the  thermoelectric  coefficient  a,  which  relates  the  charge  current  J  to  an  applied 
temperature  gradient  —VT  via  the  relation  J  =  a(— VT),  is  strongly  suppressed  when  the  chiral  anomaly 
is  present.  The  appearance  of  this  dramatic  suppression  is  a  challenge  to  theory.  Recently,  2  theoretical 
papers  (Fiete  et  al.,  Spivak  et  al.)  addressing  thermopower  in  Weyl  metals  have  appeared. 

The  present  findings  hold  the  promise  that  the  chiral  anomaly  may  be  observed  in  a  large  family 
of  semimetals  with  strong  SOI  (e.g.  compounds  with  zinc  blende  lattice  such  as  HgCdTe).  A  further 
advantage  is  that  the  number  of  Weyl  nodes  is  very  small  (2  or  4  depending  on  the  direction  of  B, 
compared  with  24  in  Weyl  metals  e.g.  TaAs).  This  allows  a  far  simpler  comparison  of  transport 
experiments  with  theory.  The  report  was  published  online  in  Nature  Materials  (pub.  14). 

3)  Gap-closing  route  to  Weyl  nodes  achieved  by  tuning  pressure 

In  last  year’s  report,  pressure  experiments  on  PbSnTe  were  described.  Ong’s  group  used  hydrostatic 
pressure  P  (up  to  27  kbars)  to  “tune”  the  bulk  gap  in  PbSnTe  doped  with  In.  In  samples  in  which  the  Sn 
content  x(Sn)  =  0.25,  they  uncovered  highly  unusual  electronic  properties.  In  the  metallic  phase  (10  to  25 
kbars),  they  observe  a  dramatic  lowering  of  the  resistivity  in  zero  field  suggestive  of  a  highly  conducting 
state  at  low  temperatures.  The  Hall  conductivity  displays  a  step  change  across  R  =  0.  However,  when  B  is 
finite,  the  high-conductance  state  is  destroyed  and  the  resistivity  increases  rapidly.  The  gap  inversion 
occurs  within  the  pressure  window  10  <  P  <  25  kbars.  Interestingly,  outside  this  window  {P  >  25  kbars), 
the  system  shows  the  opposite  behavior.  In  zero  field,  it  is  a  gapped  insulator,  but  when  the  field  exceeds 
3-5  T,  the  sample  reverts  back  to  the  high-conductance  state,  displaying  a  giant,  negative  MR. 

During  the  past  12  months,  the  pressure  experiments  have  been  extended  to  the  composition 
x(Sn)  =  0.5.  A  major  motivation  for  these  experiments  is  a  recent  theory  by  Murakami  et  al.  who  predict 
that  all  semiconductors  that  break  inversion  symmetry  should  display  protected  Weyl  nodes  when  their 
energy  gaps  are  closed  by  tuning  some  parameter  (P,  doping  or  alloying).  At  ambient  pressure,  the 
composition  x(Sn)  =  0.5  is  a  good  insulator  with  a  small  energy  gap  in  the  bulk.  At  a  critical  pressure  Pc 
~10  kbar,  a  metal  insulator  transition  signals  the  closing  of  the  gap  and  the  appearance  of  a  small  Fermi 
sphere  (FS).  Because  this  material  lacks  inversion  symmetry,  the  Berry  curvature  Q  is  finite.  Hence  when 
the  FS  appears,  Q  exerts  a  strong  influence  on  the  transport  properties.  By  taking  incremental  steps  slowly 
through  the  critical  value  Pc,  Ong’s  group  tracked  the  nucleation  of  the  small  FS  out  of  the  charge  vacuum 


(as  it  were).  The  quantum  oscillations  in  the  MR,  which  reflect  successive  emptying  of  Landau  levels  as  B 
increases,  allows  the  diameter  of  the  FS  to  he  measured  accurately.  A  major  surprise  is  that  the  Hall 
resistivity  Pyx  saturates  to  a  plateau  when  the  quantum  limit  is  attained  (last  Landau  level  occupied).  The 
relation  of  this  surprising  result  to  Weyl  states  created  hy  pressure  is  being  explored.  In  light  of  this 
theoretical  insight,  the  present  system  provides  an  especially  attractive  system  for  producing  Weyl  states. 
However,  the  abrupt  saturation  of  Pyx  related  to  Q,  is  not  predicted  by  Murakami’s  theory.  The  manuscript 
reporting  the  pressure  results  is  under  preparation. 

4)  Giant  MR  and  proximity  effect  in  WTe2 

Last  year’s  report  described  the  discovery  of  a  very  large,  non-saturating  magnetoresistance  MR  in  the 
semimetal  WTca.  At  4  K,  the  resistivity  in  an  applied  transverse  magnetic  field  B  increases  rapidly  as  B^ 
to  attain  values  200,000  times  the  zero-B  value  at  65  Tesla,  without  signs  of  deviation  from  the  B^  law. 
The  report,  which  has  appeared  in  Nature  (Ali  et  al.,  Pub.  8),  has  triggered  strong  interest  in  this 
semimetal  with  ongoing  debate  about  whether  it  is  a  topological  material  with  unusually  large  MR. 

Recently,  Ong’s  group  succeeded  in  inducing  superconductivity  in  WTe2  by  the  proximity  effect 
with  Nb  as  the  superconductor.  Ong’s  group  found  that  a  supercurrent  can  be  induced  below  1  K,  even 
when  the  superconducting  electrodes  are  separated  by  ~700  nm  (in  conventional  metals  the  proximity 
length  is  typically  100  nm  or  less).  Below  300  mK,  the  supercurrent  rises  steeply  to  attain  a  maximum 
value  of  -300  nA  at  10  mK.  In  a  weak  B,  the  critical  current  displays  the  periodic  modulation  described 
by  the  Fraunhofer  pattern.  The  preliminary  results  suggest  that  the  very  long  mean  free  path  of  the  carriers 
enables  the  supercurrent  to  penetrate  deep  into  the  semimetal.  The  results  are  very  promising  for 
employing  superconducting  pairing  as  a  probe  of  possible  Weyl  states  in  WTe2  as  well  as  in  related 
semimetals.  The  proximity  experiments  are  ongoing. 

5)  Thermal  Hall  effect  of  neutral  currents 

A  key  quantity  that  relates  topological  states  to  transport  phenomena  is  the  Berry  curvature  Q,  which  may 
be  regarded  as  a  “magnetic  field”  that  lives  in  k  space.  For  example,  when  Dirac  nodes  separate  into  2 
Weyl  nodes  with  opposite  chirality,  the  Weyl  nodes  become  sources  and  sinks  of  the  Berry  curvature 
(also  called  Chem  flux).  To  date,  experiments  have  focused  exclusively  on  the  effect  of  Q  on  electrical 
transport.  In  two  experiments,  Ong’s  group  recently  showed  that  Cl  leads  to  prominent  effects  on  neutral 
currents  as  well.  In  insulating  magnets,  the  heat  current  below  2  K  is  largely  carried  by  spin  waves  or 
magnons  (phonons  die  out  rapidly  below  2  K).  In  a  certain  class  of  magnets  with  a  Kagome  lattice,  theory 
predicts  that  Cl  produces  a  thermal  Hall  conductivity  Kxy  in  applied  B.  This  is  counter  to  semiclassical 
theory  because  the  Lorentz  force  is  undefined  for  neutral  particles.  Ong’s  group  has  confirmed  this 
surprising  prediction  in  the  layered  Kagome  magnet  Cu(l,3-bdc)  [pub  7].  The  magnitude  of  Kxy  observed 
is  quite  sizeable.  As  a  function  of  both  B  and  T,  Kxy  is  observed  to  change  signs  in  accord  with  a 
calculation  based  on  Cl.  The  close  correlation  between  Kxy  and  the  longitudinal  thermal  conductivity  Kxx 
rules  out  a  competing  theory  based  on  the  phonon  Hall  effect.  In  a  second  experiment,  Ong’s  group 
showed  that  Kxy  is  large  in  the  pyrochlore  Tb2Ti207  [pub.  6],  which  does  not  order  magnetically  down  to 
50  mK  despite  a  large  exchange  coupling  between  local  moments  on  Tb  (the  ground  state  is  a  quantum 
spin  ice  or  a  spin  liquid).  The  observed  Kxy  again  arises  from  Cl  acting  on  the  neutral  spin  excitations.  As 
Tb2Ti207  does  not  order,  the  spin  excitations  are  not  magnons  (theorists  call  them  “spinons”).  The  2 
experiments  confirm  that  Q  can  exert  a  large  Hall-like  force  on  excitations  even  when  they  are  charge 
neutral.  The  results  were  published  in  Science  and  in  PRL  (Pubs.  10  and  11). 


6)  Optimizing  the  bulk  resistivity  of  Bi2Te2Se 

One  of  the  earliest  examples  of  3D  topological  insulators  (TIs)  studied  by  ARPES  was  Bi2Se3,  which  is 
the  leading  example  of  the  so-called  Z2  time -reversal  invariant  (TRI)  topological  insulators. 
Unfortunately,  the  Fermi  energy  in  as-grown  crystals  lies  in  the  bulk  conduction  band  because 
exchange  defects  and  Se  vacancies  are  impossible  to  suppress.  While  several  groups  have  succeeded  in 
lowering  Ep  into  the  bulk  gap  by  chemical  doping  or  gating,  this  results  in  greatly  reduced  surface 
mobility  in  the  topological  states.  A  much  more  promising  candidate  Z2  TI  is  Bi2Te2Se  (BTS)  which 
grows  with  much  fewer  vacancies  and  defects  so  that  Ep  lies  inside  the  bulk  gap.  Residual  lattice  disorder 
leads  to  a  high  density  of  states  in  the  impurity  band  within  the  gap.  In  the  past  3  years,  they  expended 
considerable  effort  to  optimize  the  crystal  quality,  and  succeeded  in  increasing  the  bulk  resistivity  by  a 
factor  of  200  to  20  Qcm  at  4  K.  Carriers  in  the  surface  states  display  the  largest  Shubnikov  de  Haas  (SdH) 
oscillation  amplitudes  (among  all  3D  TIs).  The  surface  mobilities  vary  from  3,000  to  4,000  cmWs.  In 
crystals  cleaved  to  thickness  of  20  pm,  the  surface  conductance  can  comprise  up  to  50%  of  the  total 
conductance.  Monitoring  the  SdH  oscillations  in  an  intense  magnetic  field  (45  Tesla),  Ong’s  group 
succeeded  in  lowering  Ep  to  the  n  =  1  Landau  level  (LL).  This  allowed  us  to  establish  with  much  higher 
certainty  than  before  that  the  quantum  oscillations  have  a  phase  shift  of  7t  (in  the  limit  1/H  0), 

characteristic  of  Dirac  states.  In  addition,  they  used  ionic  liquid  gating  to  tune  Ep  at  the  surface.  They 
showed  that  Ep  can  be  tuned  to  below  the  n=l  LL  at  14  T.  The  liquid  gating  allows  the  two  conductances 
to  be  separately  analyzed  and  the  surface  and  bulk  mobilities  to  be  determined.  The  latter  was  found  to  be 
20  cmWs  (roughly  100  times  smaller  than  the  former).  Details  of  the  crystal  growth  were  also  reported. 
The  results  were  published  in  pub.  1,  2  and  4. 

Summary  of  the  most  important  results  to  date 

1)  The  most  important  result  achieved  is  the  observation  of  the  chiral  anomaly  in  the  topological  Dirac 
semimetal.  In  addition  to  confirming  a  famous  1983  prediction,  the  experiment  uncovers  a  novel  feature 
of  electronic  transport  properties  intrinsic  to  Dirac  and  Weyl  states,  with  the  potential  of  future 
applications  in  electronics  (exploiting  the  chiral  magnetic  effect).  This  achievement  is  the  culmination  of 
a  systematic  research  program  that  started  with  the  Z2  topological  insulators.  The  long  series  of 
experiments  on  optimizing  the  surface  Dirac  states  in  Bi2Se3  and  Bi2Te2Se  (involving  close  collaboration 
between  Ong’s  and  Cava’s  groups)  were  essential  for  improving  the  crystalline  quality.  More  importantly, 
they  led  the  Ong-Cava  team  to  think  more  broadly  about  3D  Dirac  states  with  protected  nodes.  This 
expanded  investigation,  also  influenced  by  several  theory  groups  (led  by  Kane,  Bemevig,  Murakami, 
Vishwanath,  Dai),  led  to  an  early  start  on  researching  Cd3As2  and  Na3Bi.  By  the  same  process  of  crystal 
optimization,  Ong  and  Cava  eventually  solved  the  problem  of  bringing  the  Fermi  energy  in  Na3Bi  to 
values  close  to  the  node.  This  last  step  was  critical  for  the  chiral  anomaly  publication  in  Science. 

2)  A  related,  if  distinct,  result  is  the  discovery  that  the  half-Heusler  compounds  also  display  the  chiral 
anomaly.  The  experiment  shows  that  even  when  the  zem-B  electronic  bands  are  not  topologically 
interesting,  they  can  be  converted  to  topological  metals  with  protected  Weyl  nodes  in  a  magnetic  field. 

The  advantage  is  that  the  Heuslers  are  not  air-sensitive,  so  the  range  of  possible  experiments  is  greatly 
expanded.  In  addition,  the  finding  expands  the  scope  of  potential  Weyl  metals  to  all  the  zinc  blende 
semiconductors  that  have  a  strong  spin-orbit  interaction.  Working  with  Bernevig,  Ong  and  Cava  are 
expanding  the  search  to  the  larger  class  of  full  Heuslers. 

3)  Theories  based  on  the  Berry  curvature  predict  that  it  should  produce  a  large  transverse  force  on  neutral 
excitations  such  as  magnons  (or  more  exotic  spin  excitations)  leading  to  a  thermal  Hall  effect.  Ong’s 
group  has  published  experiments  on  two  insulating  magnets  that  have  confirmed  these  predictions.  The 


first  is  a  layered  Kagome  magnet  in  which  magnons  dominate  the  heat  transport  helow  2  K.  The  second  is 
the  pyrochore  Th2Ti207  which  has  a  ground  state  described  as  quantum  spin  ice  or  spin  liquid.  Both 
systems  are  devoid  of  free  electrons,  hut  exhibit  a  sizeable  thermal  Hall  conductivity  in  agreement  with 
the  Berry  curvature  prediction  that  neutral  excitations  can  produce  a  sizeable  Hall  current  in  a  magnetic 
field. 

4)  Finally,  two  unexpected  discoveries  were  made  in  the  group  of  semimetals  investigated.  One  is  the 
very  large,  non-saturating  MR  found  in  WTe2,  which  may  reflect  an  unusual  property  of  topological 
states.  The  second  is  the  very  unusual  changes  to  both  the  MR  and  Hall  effect  in  the  topological 
crystalline  material  PbSnTe  under  modest  hydrostatic  pressure.  The  findings  suggest  that  PbSnTe 
provides  a  very  clean  system  for  exploring  the  gap-closing  scenario  in  a  system  lacking  inversion 
symmetry  (Murakami  and  others  recently  identified  gap-closing  in  inversion  lacking  semiconductors  as  a 
very  promising  source  of  Weyl  metals).  The  transport  anomalies  suggest  that  the  Berry  curvature  has  a 
very  pronounced  effect  when  the  system  “nucleates”  a  small  Fermi  surface  out  of  the  charge  vacuum. 
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